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INTRODUCTION 
Thin film materials are widely used as hard, protective coatings for softer surfaces. It 
is known that fracture strength and hardness are related to the elastic and plastic properties 
[1]. The elastic constants of the film deposited on a substrate are, however, difficult to 
measure. By a technique which was recently discussed [2] the elastic constants of 
amorphous (isotropic) films and single-crystal (anisotropic) films can be obtained by 
measuring the velocities of surface acoustic waves (SAWs) propagating over a thin-film! 
substrate specimen by the use of a line-focus acoustic microscope. 
Acoustic microscopy has proven to be a useful technique for the characterization of a 
thin film deposited on an elastic substrate [2]. The technique is based on the measurement of 
the V(z) curve, also often referred to as the acoustic material signature [3]. The V(z) curve is 
a record of the transducer voltage output V with the variation of the distance z between the 
acoustic lens and the specimen. The SAW velocity can be obtained from the periodic 
variation of the V(z) curve. Weglein [4] measured SAW velocities of various thin ftlms 
using a point-focus acoustic microscope. The line-focus acoustic microscope allows the 
measurement of the SAW velocity in a single prescribed direction [51 and hence it can be 
used to determine the elastic constants of anisotropic elastic materials. The instrument has 
been used to measure the anisotropic dependence of SAW velocities on the propagation 
direction on single crystals. The measurement of anisotropic SAW dispersion data for. 
single-crystal thin films grown on single-crystal solids has been carried out by Kim and 
Achenbach [2] and Kim et at. [6]. 
In the present paper, we report measurements for cubic crystal vanadium nitride (VN) 
films epitaxially grown on the (001) plane of cubic crystal magnesium oxide substrates and 
for nitrogen-doped amorphous carbon (a-C) films grown on the (001) plane of cubic crystal 
silicon substrates. The directional measurements by line-focus acoustic microscopy have 
produced the phase velocities as functions of the angle of propagation. Dispersion curves of 
SAWs propagating along the symmetry axes, namely the [100] and [110] directions, have 
been obtained by measuring the wave velocities for various film thicknesses and frequencies. 
The SAW dispersion data have been inverted to determine the elastic constants of thin films 
according to a procedure described in detail elsewhere [6]. For a cubic crystal VN film three 
independent elastic constants C11, C!2, and C44 have been determined. From the determined 
elastic constants of a VN film the corresponding elastic moduli, i.e. Young's modulus and 
the shear modulus, have been obtained for various directions. The Rayleigh surface wave 
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velocity calculated from the determined elastic constants and the known mass density has 
been compared with the velocity measured by Brillouin scattering spectroscopy (BSS) 
reported in Ref. [7]. For an a.-C film the two independent elastic constants Cll and C44 have 
been determined. From the determined elastic constants of an a.-C film the corresponding 
elastic moduli have been obtained. 
EXPERIMENTAL APPARATUS AND PROCEDURES 
Cubic crystal VN films were epitaxially grown on cubic crystal MgO substrates by a 
d.c. magnetron sputtering technique, by Mirkarimi et al. [8]. Sputter deposition was carried 
out in an ultra-high vacuum system described in detail in Ref. [8]. The results of low-energy 
electron diffraction (LEED) measurement verify that the grown films are cubic crystals and 
that the symmetry axes of the films coincide with those of the substrates. Nitrogen-doped 0.-
C films were grown on cubic crystal Si substrates by a d.c. magnetron sputtering technique, 
by Li and Chung [9]. 
A line-focus acoustic microscope consists of four main components: the acoustic 
probe, the measurement system for transmitting and receiving tone-burst electrical signals, 
the mechanical systems for alignments and movements to record V(z) curves, and a computer 
for controlling the system and prpcessing the recorded waveforms. The principle of the 
measurement by an acoustic microscope has been described in detail in Refs. [2] and [5]. 
Figure 1 shows an example ofV(z) curves recorded for measurements along the [100] 
direction on the (001) plane of MgO at 225 MHz wave frequency. In Fig. 1 the dashed line, 
which is the curve for bare MgO, shows a bigger dip interval than the solid line, which is for 
a 2.6 jlm VN film grown on an MgO substrate. The surface wave velocity v has a functional 
relationship to the interval !lz of the periodic dips of the V(z) curve [3,10], which is given by 
the following equation: 
[ ( )2]-1/2 ( )112 ( )-112 V = vw 1- 1 - vwl2fl1z = v w . f· !::.z 1 - vwl4fl1z , (1) 
where Vw is the wave velocity in water, viz. Vw = 1490 mis, and f is the wave frequency. 
Equation (1) implies that for vw/(4 f 112) « 1 the surface wave velocity v is approximately 
proportional to the square root of the intervall'lz. The periodic dip interval /),.Z and thus the 
surface wave velocity of the specimen, are obtained by processing the V(z) data. The 
processing procedure consists of three main steps: subtraction of the geometric effect of the 
acoustic lens from the V(z) data, a digital low-pass filtering, and a fast Fourier transform 
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Figure 1. V(z) curves measured at 225 MHz for propagation along the [100] direction on the 
(00l) plane: (a) for bare MgO and (b) for a 2.6 jlm VN film grown on MgO. 
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wavefonn analysis, as described in detail by Kushibiki and Chubachi [5]. The experimental 
results reported in this paper were obtained with a Honda AMS-5000 ultrasonic measurement 
system, with a line-focus acoustic lens provided by Tohoku University. 
RESULTS 
The phase velocities of the SAWs propagating on the thin films grown on the (001) 
plane of cubic crystal substrates are investigated in this section. The thicknesses of the films 
used in the experiments were much smaller than the SAW wavelength, and hence the surface 
waves penetrated through the films into the substrates. SAW velocities were measured by 
the procedure described in the previous section by directional measurement with the line-
focus acoustic microscope. The experimental results are compared with theoretical results 
obtained by the method described in detail elsewhere [2]. 
Cubic Crystal Films 
The SAW velocities have been measured on the (001) plane of cubic crystal VN films 
epitaxially grown on MgO substrates. Figure 2 shows the anisotropic dependence of the 
measured SAW velocities on the propagation direction, while the direction of propagation 
varies incrementally from [100] to [010]. The angle represents the direction relative to the 
[100] crystalline axis. The symbols in Fig. 2 show the results for 1.2 and 2.6 11m films at 
the wave frequencies 195, 225 and 255 MHz and for a bare MgO at 225 MHz. The 
symmetric anisotropy displayed by the curves for VN films in Fig. 2 support the observation 
of LEED that the symmetry axes of the films coincide with those of the substrate. 
In Fig. 2 the lines show the theoretical results for a bare MgO substrate. The solid 
and dashed lines represent the regular and pseudo SAW, respectively, and the dash-dot line 
represents the transverse bulk wave. These curves were calculated in Ref. [2]. It is noted 
from Fig. 2 that the measured velocities near the [100] and [010] propagation directions are 
the phase velocities of the regular SAW, while the measured velocities near the [110] 
direction are the phase velocities of the pseudo SAW. The reason of the transition from the 
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Figure 2. Anisotropic dependence of the SAW velocity measured at 195,225 and 255 MHz 
for 1.2 and 2.6 11m VN films grown on the (001) plane ofMgO substrates and for 
bare MgO. Lines show the calculated results for bare MgO. 
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regular SAW to the pseudo SAW has been explained in detail elsewhere [2]. Near 30° from 
[100], the measured velocity is neither the one for the regular SAW nor for the pseudo SAW 
but for a superposition of these waves, because near this angle both regular and pseudo 
SAWs contribute to the phase shift of the tone-burst signal output. Clearly the measurements 
along the [100] and [110] directions can most easily be compared with theoretical results. 
In Fig. 3, the SAW velocities measured at various frequencies for VN fIlms of two 
thicknesses grown on the (001) plane of MgO substrates are displayed as functions of the 
normalized film thickness h()...s. Here h is the fIlm thickness and A.s is the wavelength of 
transverse waves in the substrate. In Fig. 3, (a) shows the SAW dispersion results for the 
[100] direction and (b) is for the [110] direction. The squares are the experimental results. 
The measurements were carried out for 1.2 and 2.6 11m fIlms at 195, 225 and 255 MHz, to 
yield data for six data points. An additional data point was obtained for hlA.s = 0, where the 
phase velocity equals the one for a bare substrate. 
The elastic stiffness constants of VN determined from the inversion of SAW 
dispersion data are Cll = 533, C!2 = 135, and C44 = 133 GPa. The inversion procedure has 
been described in detail elsewhere [6]. The lines in Fig. 3 are the dispersion curves 
calculated from the determined stiffness constants and mass density 6.11 g/cm3 [11]. The 
Rayleigh wave velocities along the [100] and [110] directions on the (001) plane of an VN 
half-space are 4472 rn/s and 4436 rn/s, respectively, which were calculated from the elastic 
constants and mass density shown above. These predicted velocities are close to the value, 
4450 rn/s, measured by BSS [7]. 
Once the elastic stiffness constants Cll, C!2, and C44 have been determined, the 
corresponding compliance constants Sll, S12, and 844 can qe obtained from the inverse of the 
matrix of elastic constants. For cubic symmetry we have 
811 - cn + c12 8 - - C12 1 
- 12 - and 844 - -(cn - C12)(cll + 2 cd' (Cll - C12)(cll + 2 C12)' - C44' 
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Figure 3. SAW dispersion curves for VN films on the (001) plane of MgO substrates: (a) 
along the [100] direction and (b) along the [110] direction. 
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The anisotropy factor is defined from either the stiffness constants or the compliance 
constants as 11 == 2 c441'(C11-C12) = 2(811-812)/844. For an isotropic material, for example an 
amorphous carbon film, the anisotropy factor 11 is 1. The Young's moduli in the [100], 
[110] and [111] directions may be written as [12] 
E100 - l E 1 
- 811' 110 = = 
811 - ~[(811 - 812) - ~ 844] 
Elll = 1 = 1 
. 811 - f [(811 - 812) - ~ 844] 811 _ 11; 1 844 
1 
11- 1 
811 - -- S44 
4 
and 
The shear moduli in the [100], [110] and [111] directions may be written as [12] 
= C44 and 
(1 + 11)/2 ' 
(3a,b,c) 
(4a,b,c) 
The compliance constants and the elastic moduli corresponding to the determined stiffness 
constants are shown in Table I. The anisotropy factor is 0.67. The elastic modulus E100 
(478 GPa) of a single-crystal VN shown in Table I is close to the Young's modulus (460 
GPa) of a polycrystal VN reported in Ref. [11]. 
Amorphous Films 
The SAW velocities have been measured for a-C films grown on the (001) plane of 
cubic crystal Si substrates. Figure 4 shows the anisotropic dependence of the measured 
SAW velocities on the propagation direction. The symbols in Fig. 4 show the results for 
0.22, 0.56, 0.9, and 2.0 11m films at the wave frequency 225 MHz. In Fig. 4 the lines show 
the theoretical results for a bare Si substrate, which were calculated in Ref. [2]. In Fig. 5, 
the SAW velocities measured at various frequencies for a-C films of four thicknesses grown 
on the (001) plane of Si substrates are displayed as functions of the normalized thickness 
hll .. s. In Fig. 5, (a) shows the SAW dispersion results for the [100] direction and (b) for the 
[110] direction. The squares are the experimental results. The measurements were carried 
out for 0.1 and 0.22 11m films at 225 MHz, for a 0.56 11m film at 225 and 255 MHz, and for 
0.9 and 2.0 11m films at 195, 225 and 255 MHz, to yield data for eleven data points including 
the data for hlAs = O. 
Table I. Elastic constants of a cubic crystal VN film and an amorphous C film. 
elastic properties 
mass density (g/cm3) 
stiffness (GPa) 
compliance (x 10-3 GPa- l ) 
Young's modulus (GPa) 
shear modulus (GPa) 
Poisson's ratio 
VN a-C 
6.11 2.2 
CII = 533, C12 = 135, C44 = 133 Cll = 72.5, C44 = 32.0 
Sll = 2.09, Sl2 = -0.42, S44 = 7.52 
ElOo = 478, E 110 = 368, E111 = 342 
GIOO = 133, Gllo = 159, G111 = 171 
70.7 
32.0 
0.104 
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Figure 4. Anisotropic dependence of the SAW velocity measured at 195, 225 and 255 MHz 
for 0.9 and 2.0 /lm a.-C films grown on. the (001) plane of Si substrates and for 
bare Si. Lines show the calculated results for bare Si. 
The elastic stiffness constants of the N-doped a.-C film were determined from the 
inversion of the SAW dispersion data as C11 = 72.5 and C44 = 32.0 GPa. The mass density 
obtained from the volume and mass increase measurements during film growing was 2.2 ± 
0.1 g/cm3 [9], which fits quite well in a range of published data [13]. The lines in Fig. 5 
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Figure 5. SAW dispersion curves for a-C films grown on the (001) plane of Si substrates: 
(a) along the [100] direction and (b) along the [110] direction. 
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are the dispersion curves calculated from the determined stiffness constants and the mass 
density. Once the elastic stiffness constants Cll and C44 have been determined, the 
corresponding Young's modulus, shear modulus, and Poisson's ratio can be obtained from 
the following relations: 
E = C44 (3 Cll - 4 C44) , 
Cll - C44 
G = C44, and 
The obtained elastic properties are summarized in Table I. 
Sensitivity of the Dispersion Curve to the Elastic Constants 
v = .E...-l 
2G (5,6,7) 
It has been discussed by Mal et al. [14] that the dispersion curves may not be 
sensitive to some of the elastic constants. Therefore, it is desirable to investigate the 
influence of each elastic constants on the SAW dispersion curves. The influence of the 
elastic constants on the SAW dispersion curves are shown in Fig. 6 for a VN mm on an 
MgO substrate and in Fig. 7 for an a-C film on a Si substrate. Figures 6 and 7 show the 
dispersion curves when one of the elastic constants is reduced by 10%. In Figs. 6(a) and 
7(a) the wave propagation direction is [100] while it is [110] in Figs. 6(b) and 7(b). It is 
observed that all elastic constants contribute to the change of the dispersion curves, contrary 
to the case of Mal et al. [14], which was concerned with the determination of five indepen-
dent elastic constants of a composite laminate from plate wave dispersion data. It is, 
however, noted from Fig. 6 that for a cubic crystal film the dispersion curve is less sensitive 
to changes of C12 than to changes of Cll and C44. It is noted from Fig. 7 that for an amor-
phous film the dispersion curve is less sensitive to changes of C44 than to changes of cn. 
It has also been mentioned by Mal et al. [14] that the nonlinear nature of the inversion 
process may result in non uniqueness of the determined constants. Experience with the 
procedure used in this paper indicates that the inversion process, which seeks a least-square 
fit of the dispersion relation, may reach more than one local minimum but eventually it 
appears to find the absolute minimum. Indeed, a start of the iteration procedure with 
different values of the elastic constants did not produce different results. Hence it may be 
assumed that the elastic constants determined above are unique. Interpretation of the SAW 
dispersion data does, however, require accurate information of the film thickness, and this is 
one potential source of uncertainty. 
CONCLUSION 
Using an acoustic microscope with a line-focus beam, the phase velocities of SAWs 
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Figure 6. Influence of changes of Cll, Cl2 and C44 ofVN on the SAW dispersion curves of 
VN film/MgO substrate: (a) along the [100] direction, (b) along the [110] direction. 
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have been measured in thin-film-coated anisotropic materials. Measurements were carried 
out for cubic crystal vanadium nitride films and amorphous carbon films, both grown on 
cubic crystal substrates. The SAW velocities measured as functions of the angle of 
propagation display the expected anisotropic nature. Dispersion curves of SAWs 
propagating along the symmetry axes were obtained by measuring the wave velocities for 
various film thicknesses and frequencies. From the SA W dispersion data the elastic 
constants Cu, C12, and C44 have been determined for a cubic crystal VN film and Young's 
modulus and Poisson's ratio have been determined for an amorphous carbon film. The 
results of this paper show that line-focus acoustic microscopy provides an effective means of 
determining the elastic constants of a thin film deposited on a substrate. 
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